Abstract: Algae are used in biomonitoring systems to detect water or soil pollution. So it is conceivable to establish a biomonitoring system for the detection of airborne pollutants (ozone and particulate matter (PM-10)) in urban habitats by algae. Autotrophic biofilms are widely present, cover nearly every exposed surface, especially tree bark and consist of a large variety of species of algae, cyanobacteria and fungi. To explore the diversity of green algae at different air pollution monitoring sites we choose trees with different structures of bark at three locations in and near Leipzig. We compared the measured levels of air pollution with the algal species and communities present. The sites differed in the quality and amount of airborne pollutants, among which we concentrated on ozone and particulate matter (PM-10). The collection sites were Leipzig-Centre, Leipzig-West and a forest area east of Leipzig (Collmberg). Autotrophic biofilms were collected, algae cultures established and taxonomic and morphological studies were carried out with light microscopy. Green algae were present on tree bark at all sites and forty-eight different algal species and cyanobacteria were isolated. Preliminary results suggested a correlation between pollutants and occurrence of some specific algal species and the specific algal assemblages at a given site. It is concluded that this could provide the basis for a biomonitoring system involving aero-terrestrial algae for the detection of airborne pollutants.
Introduction
In temperate climates autotrophic, green biofilms cover nearly every exposed surface. Especially on tree bark they are very prominent and consist of a large number of algal species, cyanobacteria and fungi. Species like Apatococcus sp., Stichococcus sp. could be detected on exposed tree bark in an urban region (Steiner & Schulze-Horn 1955) . Algal species living on tree bark are known as "aero-terrestrial" (Ettl & Gärtner 1995) .
Since the beginning of the 20 th century algae living in terrestrial habitats have been at the focus of science. Early phycologists tried to characterise the taxonomic variety of algal species living on tree bark (Brand 1925; Edlich 1936 ) and the ecological features of those special habitats (Schmidt 1927) . When environmental pollution increased the conditions in urban regions changed as was confirmed by lichen studies (Adamo et al. 2006) . For monitoring special degrees and compounds of airborne pollution with lichens, it is necessary to use native material and expose it at special monitoring points. By examining the lichens after the time of exposition the degree of pollution can be determined (Blett et al. 2003) . For the monitoring of urban conditions with lichens a large amount of native material of different species is needed, because the establishment of laboratory cultures is still difficult (Yamamoto et al. 1993) .
Algae in general are already being used in standardized biomonitoring systems. For example Scenedesmus subspicatus Chodat is used for the detection of water pollution (DIN 28412-part 33; alga growth inhibition test, OECD 201). It is conceivable that this procedure could also be adapted to detect soil pollution and to establish a biomonitoring system based on algae for the detection of airborne pollutants. As a first step towards the development of such a system we report here on the correlation of the occurrence of different algal species and the concentration of airborne pollutants, especially ozone and particulate matter (PM-10).
Material and methods
To explore the diversity of green algae at different sites we choose trees with different bark structures at three locations in and near Leipzig, Germany. To compare the air pollution data (ozone, PM-10, NOx, SO2, CO, benzene) with the present algal species and communities, the sampling points were located near established air quality monitoring stations. One collection site was Leipzig-Centre, near the main railway station. It was chosen as a highly polluted area where the highest concentration of particulate matter (PM-10) and the lowest concentration of ozone were detected. Leipzig-West was chosen as a moderately polluted collection site characterised by moderate concentrations of particulate matter and ozone. The third area was a forest area east of Leipzig, Collmberg that had high ozone and low PM-10 concentrations. Data on the amount of the airborne pollutants are collected automatically ( Fig. 1) and are available on the internet (www.umwelt.sachsen.de).
In order to test the validity of this study we performed control experiments. We postulated a connection between the concentration of ozone and PM-10 and the spectrum of algal species diversity. After the first experiment the network of measuring points was improved and the concentration of PM-10 was also measured at Collmberg. The PM-10 concentration was in the order of 15-20 µg m −3 (www.umwelt.sachsen.de). Particulate matter is only characterized by particle size and consists of a large number of different components including polycyclic-aromatic hydrocarbons (PAHCs) which, in combination with UV-radiation, are toxic to algae (Grote et al. 2005) . Particulate matter also contains chemicals that originate from the burning of fossil fuels, such as NH or NO − 3 and soot. As these substances can cause eutrophication, they can also be seen as nutrients for algae. We considered particulate matter both as a pollutant and as a source of nutrition. The ozone referred to above is not stratospheric ozone, but ozone that is formed near the surface of the soil-ground level ozone. Because of a meteorological phenomenon airborne pollutants like NO are transported to rural regions like Collmberg. On their way they are transformed to ozone by UV-radiation and oxygen (Höhn 2002) . Another possibility in forest areas is the transformation of airborne, organic chemicals (NM VOC-non-methane volatile organic compounds) to ozone (Stroh 2004) . Ozone has various effects on aero-terrestrial algae (Hilge et al. 1998; Reisser & Houben 2001) . It can damage the structure of membrane lipids (Pauls & Thompson 1980) and by producing toxic products it causes changes in the photosynthetic efficiency (Heath 1994) .
At each collection site we choose 3 trees and collected algae from their bark. We used Betula pendula L. and Fagus sylvatica L. as trees with smooth bark and Quercus robur L. as an example of rough bark. Algal samples were collected not only from the parts of the tree where algae were visibly present but also around the whole trunk. To exclude soil algae we sampled at a height of 1.50 m. The algae were isolated and cultivated by standard methods involving BBM medium (Bischoff & Bold 1963 ) and a light intensity of 130-160 µE m −2 . Algal cultures were separated from contaminants like fungi and bacteria by mechanical methods. For light microscopy a Carl-Zeiss Axioskop was used. To observe the native structures of green algal biofilms on tree barks and the occurrence of particulate matter the samples were snapfrozen and cryocut into pieces of 15-40 µm which were then observed by light microscopy (Fig. 2) .
Results and discussion
Leipzig-Centre, the most polluted collection site, showed the greatest diversity of algal species. Twenty-four eukaryotes and two cyanobacterial species were identified. In Leipzig-West twenty-four taxa could be isolated. At Collmberg, the forest area with the lowest concentration of airborne pollutants, fourteen different algal species were collected (Table 1) . However, not all algal species are suitable for a biomonitoring system. Some algal species were omnipresent and obviously did not show any reactions to different concentrations of airborne pollutants (Fig. 3) .
Those species were Elliptochloris subsphaerica (Reisigl) H. Ettl & G. Gärtner, Elliptochloris sp. I (Fig. 4) Japan (Handa et al. 1991) and Ireland (Rindi & Guiry 2004) . Ubiquitous algal species cannot be used for a biomonitoring system. However, when algal species are specific for one collection site, the presence of those species may reflect different degrees of pollution or a specific combination of different compounds. We selected only some of those species that are useable in a biomonitoring system. As an example Apatococcus lobatus (Chodat) J. B. Petersen was only detected in Leipzig-West. A. lobatus is one of the common species detected on tree bark (Gärtner & Ingolić 1989) and has often been reported since the beginning of the 20 th century. For example, Brand (1925) , Edlich (1936) and Geitler (1942) identified that species as the dominant algal species living on tree bark. It is a very slow growing alga that is difficult to grow in culture which is why it was not included in the biomonitoring system for the detection of airborne pollutants.
At Collmberg, the less polluted collection site with the highest ozone concentration, we detected 8 sitespecific algal species and assessed 7 of them as useable for a biomonitoring system (Table 2) . Among others Chlorella saccharophila (Krüger) Migula and Chlorella ellipsoidea Gerneck could be detected, well studied species that are easily cultivated and have been characterised genetically which would make them excellent candidates for a biomonitoring system. We assume that the absence of those species indicates high concentrations of particulate matter, because high concentrations of ozone have been shown to have no significant effect on Chlorella saccharophila and C. ellipsoidea (Reißer & Houben 2001) .
At Leipzig-West, the moderately polluted collection site, we also detected site-specific algal species. We identified 14 different species and of which 10 are considered to be usable for biomonitoring purposes (Table 2) . Among others, Desmococcus endolithicus Broady & Ingerfeld, Coccomyxa subglobosa Pascher, Coenochloris signiensis (Broady) Hindák and Ulothrix verrucosa Lokhorst were isolated. Those species characterized the moderate pollution conditions (PM-10 and ozone) at the Leipzig-West site. Table 2 . Tolerance to selected pollutants (cf. Fig. 1 ) and suitability of some algal species to be used as indicator species in a biomonitoring system. +++ high tolerance; ++ moderate tolerance; + low tolerance; 0 no tolerance. At Leipzig-Centre the highest concentration of particulate matter and the lowest of ozone were detected. At that collection site we isolated 15 different taxa, which were specific for that site. Thirteen of them could be used within a biomonitoring system, for example Elliptochloris bilobata Tschernak-Woess, Lobosphaeropsis lobophora (Andreeva) H. Ettl & G. Gärtner and Klebsormidium cf. montanum (Fig. 5) . In comparison to the other collection sites, at Leipzig-Centre we isolated the largest number of site-specific taxa. It is conceivable that particulate matter is a source of nutrition for the algae involving assimilation of inorganic compounds of PM-10. Since particulate matter contains various different chemical compounds it will be necessary to perform further experiments to identify which compounds play a potential role as nutrients for aero-terrestrial algae. The low ozone concentration observed at this speciesrich site raises the possibility that high ozone concentrations are lethal to aero-terrestrial algae. This hypothesis will be tested during further experiments, especially involving Stichococcus minutus Grintzesco & Péterfi, S. undulatus Vinatzer and Chlorella vulgaris Beijerinck, because those species are genetically well characterised.
Our ultimate goal is to establish a concentration-dependent biomonitoring system. At Leipzig -Centre we also detected 2 cyanobacterian species with heterocyts, which suggests an ability to use elevated nitrogen concentrations as a source of nutrition.
The significance of those algae that occur at two of the three collection sites should not be underestimated. Diplosphaera chodatii Bialosuknia em. Vischer, Klebsormidium crenulatum (Kützing) Lokhorst et Star, K. cf. klebsii (Fig. 6) , K. sterile (Deason et Bold) Silva, Mattox et Blackwell and Stichococcus bacillaris Nägeli were found at Leipzig-Centre and Leipzig-West and their presence may be indicative of high concentrations of particulate matter (source of nutrition) occurring under conditions of low or moderate ozone concentrations. We performed control experiments to test that assumption which provided evidence that only the concentration of particulate matter was relevant. This result reinforced the notion that there is a correlation between the concentration of particulate matter and the the occurrence of special algal species. However, for the identification of the most useable species to be used in an efficient biomonitoring system it is necessary to deter- mine the special concentration of particulate matter or ozone for every alga by laboratory experiments.
In conclusion, aero-terrestrial algae are growing on nearly every exposed surface, especially on tree bark or facades (Gorbushina 2007 ), but they also settle other natural or artificial surfaces like plastics, coated metal, glass and wood (Görs et. al. 2007 ). By choosing special collection sites with known concentrations of airborne pollutants we detected differences in the algal species composition. Some species appeared to react specifically to certain levels of pollution. The largest number of specific algae was detected at the most polluted (PM-10) collection site. Lower concentrations of particulate matter and higher concentrations of ozone ( Fig. 1) coincided with a reduction of the number of specific algal species. These preliminary results suggest a correlation between pollution (especially ozone and particulate matter) and the occurrence of different algal species. It is expected that further experiments will lead to the establishment of a biomonitoring system for the detection of airborne pollutants by algae that form biofilms on tree bark.
